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The authors report on high transverse magnetic TM-mode responsivity in a waveguided
germanium Schottky-barrier metal-semiconductor-metal photodetector on silicon-on-insulator
substrate for operating wavelength at 1550 nm. The employed aluminum interdigitated electrodes
act as a one-dimensional rectangular grating above the depletion layer. By means of properly
designed finger dimensions, surface plasmon polariton resonances can be excited at the interface of
metal and silicon interfacial layer due to grating coupling. The resulting strong field intensities reach
into active region, enabling high absorption under TM injection. At a voltage of 1 V, the TM-mode
photocurrent is measured over three times than that of transverse electric mode, in spite of the
relatively larger TM insertion loss in the silicon waveguide. © 2010 American Institute of Physics.
doi:10.1063/1.3485064
Surface plasmon polaritons SPPs are electromagnetic
waves that are strongly coupled to free electron oscillation
on the metal surface and propagate along the dielectric-metal
interface.1 The presence of strong and localized optical in-
tensities proved extremely efficient for semiconductor pho-
todetectors in absorption enhancement and footprint shrink-
age but most of design schemes focused on discrete
components for operation with free-space illumination.2–4 In
fact, an electrophotonic integrated circuit on a single chip
platform requires waveguide-integrated photodetectors to re-
ceive optical signals through the input waveguides. So far,
the research into this area is lagging behind.
In our previous work, germanium-on-silicon-on-
insulator Ge-on-SOI photodetectors have been actively pur-
sued owing to the large absorption coefficient and integration
compatibility with silicon Si complementary metal-oxide-
semiconductor CMOS process technology.5–8 For efficient
coupling and propagating of transverse electric TE-mode
light wave, our SOI substrate usually feature a Si core layer
with very tight vertical confinement. A drawback found is the
relatively lower transverse magnetic TM mode response,
which mainly resulted from the larger TM insertion loss in-
cluding fiber-to-waveguide coupling loss and propagation
loss.
In this work, we explore the use of SPPs in a
waveguided Ge-on-SOI metal-semiconductor-metal MSM
photodetector with interdigitated electrodes to achieve large
TM enhancement at a standard communication wavelength
of 1550 nm. The plasmon-enhancement regime is realized by
properly choosing the finger width and spacing in terms of
the Bloch theorem and momentum conservation.
Figure 1a illustrates the cross-section structural geom-
etry of our designed Ge-on-SOI MSM photodetector with an
effective device width W of 25 m and length L of 50 m.
Figure 1b shows the top-view structure schematic of the
interdigitated electrodes, which are defined by the figure
width w and spacing s or periodicity a=w+s. These elec-
trodes effectively form a one-dimensional 1D metallic rect-
angular grating with finite width, length, and height on the
top surface of the massive multilayer. Taking into account
the compatibility to Si-CMOS processes, the nontraditional
plasmonic metal aluminum Al is employed in this work. A
crystalline Si interfacial layer of 20 nm is designed to be
inserted between the metal layer and the Ge region so as to
increase the Schottky barrier and thus suppress the dark cur-
rent of device.6 Figure 1c depicts a perspective view of our
waveguide Si core layer with a thickness of 220 nm and a
width of 500 nm. The TE/TM-polarized electric/magnetic
field parallel to the x axis light wave propagates along the
z-direction. When reaching the active regime, the Si wave-
guide width is adjusted with a taper to ensure efficient cou-
pling of incidence photon from the routing Si waveguide up
into the Ge region for absorption.
In our designed scheme, the SPP excitation is permitted
by the counter-directional coupling between the guided mode
propagating in the Si core layer and the copropagating SPP
wave in the vicinity of Al–Si interface with the assistance of
Bragg grating.9,10 The first parameter to be chosen is the
periodicity of the 1D Al grating, which can be roughly given
by the momentum conservation law,11
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FIG. 1. Scheme of the Ge-on-SOI MSM photodetector with interdigitated
electrodes. a Cross-sectional view of the device. b Top view of the in-
terdigitated fingers. c Perspective view of the Si core layer with a thickness
of 220 nm and a width of 500 nm where light propagates in the z-direction.
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kSPP =   mG, m = 1,2,3, . . . , 1
where m=1,2 ,3 , . . . and G=2 /a is the reciprocal vector of
the periodic grating to facilitate additional wave vector for
compensating the mismatching between the propagation con-
stants of the core mode and SPP mode, respectively, i.e., 
= 2 /ncore and kSPP= 2 /nSPP. Here  is the operating
wavelength in vacuum. The core mode effective index, ncore,
can be derived from BEAMPROP modeling,12 and the SPP
effective index nSPP approaches to airAl / air+Al, where
air and Al are the frequency dependent dielectric constant
of air and metal Al, respectively. When the wavelength  of
injecting TM-mode light is 1550 nm, the fundamental mode
ncore is calculated to be about 2.56, and subsequently the
periodicity a is determined to be about 1500 nm. With this
value, the spectral range of the SPP resonance can be roughly
controlled. Other parameters should be optimized by their
individual variations. In Fig. 2, we numerically computed the
absorption spectra of the Ge layer for the proposed device
with the fixed periodicity of 1500 nm under TM injection.
The SPP modes can be detected via the maximum points
located slightly after Woods–Rayleigh anomaly modes.13,14
When the spacing s is varied from 380 to 540 nm, the peaks
in absorbance display a gradual blueshift from 1592 to 1530
nm. With s=500 nm, one SPP mode with resonance order of
m=1 can be found at the communication wavelength of 1550
nm. Thus, the theoretical modeling gives a=1500 nm and
s=500 nm for the geometrical parameters of the Al grating.
Based on above design, we fabricated the plasmonic
waveguided photodetector on an 8-in. SOI wafer with
2-m-thick buried-SiO2. Figure 3 shows the top-view scan-
ning electron microscopy SEM image of the device. The
channel Si waveguide as described in Fig. 1c was first
formed by dry etching. After active window definition, the
pure Ge film with 500 nm thickness was selectively grown
with a thin silicon-germanium buffer.6 The ultrathin crystal-
line Si layer was then deposited on the Ge region as a
Schottky barrier. Subsequently, the SiO2 passivation layer of
400 nm was deposited and selectively dry etched to form
contact hole. The metallization comprising of Al was depos-
ited and patterned to complete the device fabrication.
The current-voltage characteristics of device illuminated
under TE and TM modes are plotted in Fig. 4a, as well as
the dark currents for reference. At an applied bias of 1.0 V, a
low dark current of 0.5 A 0.4 nA /m2 was measured,
which is below the typical 1.0 A generally considered to
be the upper limit for high speed receiver design, consistent
with the previous reported value on MSM devices.15 The
optical measurement was performed by launching an inci-
dent electromagnetic EM wave with a photon wavelength
of 1550 nm into the SOI waveguide and coupled into Ge
active region for absorption. The effective incidence power
into detector was determined by taking into account the cou-
pling loss from fiber to waveguide and the waveguide propa-
gation loss. In the case of TE illumination, the averaged in-
sertion loss is measured to be about 4.5 dB, including the
fiber-to-waveguide coupling loss of 3.50.5 dB and propa-
gation loss of 2.50.5 dB /cm times 0.386 the waveguide
length in cm unit. While for TM mode, the measured cou-
pling loss is larger as 4.50.5 dB and propagation loss as
3.50.5 dB /cm. Thus, the incidence light power reaching
the Ge detector can be calculated to be 3 mW for TE mode
and 1.5 mW for TM mode. At the applied bias of 1.0 V, the
photocurrents of the device are measured to be 0.527 mA and
1.622 mA under the individual TE and TM illumination, re
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FIG. 2. Color online Calculated absorption spectra of the Ge region with
grating periodicity a=1500 nm and finger spacing s varying from 380 to
540 nm under TM injection. The spectra are shifted upwards for clarity.
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FIG. 3. Top-view SEM image of the Ge-on-SOI MSM photodetector fea-
turing interdigitated electrodes with an effective device width W of 25 m
and length L of 50 m.
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FIG. 4. Color online a Current-voltage characteristics and b normalized
temporal response of the device with TE and TM injection, respectively.
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spectively, leading to responsivities of 0.176 A/W and 1.081
A/W. The corresponding quantum efficiencies are thus cal-
culated to be 14.1% and 86.7%, respectively. It is worthy of
note that responsivity and quantum efficiency under TM
mode overwhelm that of TE mode, which is in contrary to
the generally perceived trend where TE mode is dominant.5–8
We believe that the effect of the electrode grating should be
responsible for the surprising results under TM illumination.
To analyze the physical mechanism associated with the
SPP effect on the impressive enhancement, we employ the
finite-difference time-domain method16 to perform the EM
field distribution calculation for the carefully designed de-
vice by inputting a TE/TM-polarized fundamental waveguide
mode with =1550 nm. The normalized electric/magnetic
field intensities under TE/TM mode are plotted in Fig. 5. For
unification and comparison, we multiplied the values of mag-
netic fields with free-space impedance 0 /0. The absorp-
tion of Ge layer is taken into account by setting the imagi-
nary part of refractive index to be 0.005 67 at =1550 nm.17
For both TE and TM modes shown, the light waves are
propagating inside the Si core layer and Ge region due to
their higher refractive indices. Along the propagating direc-
tion z axis, the optical intensity appears gradually weaken-
ing because of the Ge absorption and metal dissipation. By
comparing Figs. 5a and 5b, it is found that the maximal
magnetic field density appears at the interface of Al and Si
internal layer, which provides the evidence of interdigitated
electrodes acting as a 1D grating coupler above the depletion
layer. The distinct localization of optical energy below the
electrodes is critically beneficial for the higher absorption,
since it allows good overlap between optical energy density
and electric fluxline. As such, the photon-generated electron-
hole pairs are separated quickly with high drift velocity, and
the recombination possibility of electron and holes is re-
duced greatly. The final responsivity and quantum efficiency
of device are thus increased.
Moreover, it is noted that the optical field under TM-
polarization appears transverse oscillation in all the dielectric
layers, not only locally concentrated in the vicinity of the
metal layer boundaries as described for a SPP wave in gen-
eral. It is because in our waveguide-integrated photodetector,
the SPP mode is generated by counter-directional coupling
between the SPP mode and the core guided mode. Such a
coupled mode should thereby have hybrid nature in contrast
to each of them.9,10 Owing to the strong field intensities ex-
tending to the active layer thickness, the response of the
detector could be further increased.
Besides the responsivity, the response speed is another
critical performance parameter of detector, especially for ap-
plications such as optical communications and remote con-
trol. In this study, the frequency response of the MSM detec-
tor was obtained under incidence of a 1550 nm pulsed laser
with 80 fs pulse width. Figure 4b shows the normalized
temporal responses under TE/TM polarizations at an applied
bias of 2.0 V were recorded by a high-speed oscilloscope.
The full-width at half-maximum of the pulse response was
measured as 27.5 ps under TE mode, while a wider width
of 37.6 ps was obtained under TM mode. The correspond-
ing 3 dB bandwidths reach 15.6 GHz and 11.4 GHz, respec-
tively. It is noted that the rise-time of response is almost
same, and the major difference is the longer fall-time for TM
illumination. It is easy to understand from the viewpoint of
transport of photoexcited carriers. As discussed above, the
strong localization of optical energy under TM excitation is
found underneath at the interface of dielectric and metal, and
thus the produced photoexcited electron-hole pairs are near
the electrodes. The majority carriers electrons are easily
collected by the nearest electrodes due to high drift velocity
in Schottky-barrier induced build-in electric field. However,
the minority carriers holes have to sweep through the
whole finger spacing and be collected by the opposite elec-
trode, leading to the long fall-time in Fig. 4b. It indicates a
trade-off that the enhancement in responsivity has to some
extent to sacrifice the cost of reduced response speed.
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FIG. 5. Color online Distribution of normalized a electric field intensity
Ey for TE mode and b magnetic field intensity Hy for TM mode in the
device. The magnetic field is multiplied by free-space impedance for unifi-
cation and comparison between electric and magnetic fields.
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